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REVIEW OF METHODS FOR ASSESSING THE CARCINOGENIC HAZARDS
FROM COAL-USING ENERGY TECHNOLOGIES
Abstract
This report contains material relevant to the development of methodologies
for evaluating the cancer risks associated with atmospheric pollutants from coal
combustion and conversion processes. Information is presented on methods and
sources (1) of regression analyses in this field, and (2) of physically significant
simulation mechanisms, including potential functional modules of such mechanisms,
particularly those modules dealing with energy facility emission characterizations,
atmospheric dispersion, aerochemistry, population exposure patterns, and
carcinogenic dose-response studies. In addition to listings of several key
references and bibliographies in these areas, there is a discussion of some of
the research in progress, the urgency of the situation, and some of the barriers
to the development and dissemination of timely results.
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1. Introduction
The United States is heading toward an energy-tight situation that has
the potential to become of enormous importance to our economy and lifestyles.
Little has been done to mobilize the domestic energy supply system, and cur-
rently imports of energy are increasing with dependence on foreign, cartel-
vulnerable sources well ahead of pre-Arab-oil-embargo levels. The present
national energy policy, s of the latest reports, recommends pressing forward
with utmost speed on the research on the uses of coal, our only domestic
source that can introduce significant energy by the year 1990. If one Poject
Independence (Federal Energy Administration, 1974) scenario is correct the
commercializationof new coal conversion and combustion technologies in the
next ten years would rival wartime production efforts. The known, suspected,
and unknown carcinogenic potentials of the pollutants from those coal-use tech-
nologies and the possible enormous mass of emissions is cause for concern.
Regardless of the scenario that is projected there is certain to be sig-
nificant change in the energy choice/use patterns of the future. The amount of
health effects information that will be known and useable to those who make our
future energy choices is another cause for concern. The current statistics
give evidence of the potential magnitude of this problem: cancer is killing
one of five Americans now, more than five times the combined U.S. military
deaths in the Viet Nam and Korean wars. The per capita increase is now about
2.3% per year; the losses at a minimum estimated to be $15 billion annually
and the source: about 90% of cancer is from environmental sources (Epstein,
1976).
The outline of the major barriers to the implementation of an appropriate
program to cover these concerns is contained in the "Ray Report" (Ray, 1973,
19:50, p. 32):
"Supporting Evidence:
It is clear that a sound base of scientific capability exists
for this work. No major difficulties with scientific feasibility
are foreseen in achieving the goals. Few engineering problems are
anticipated, but close cooperation between biologists, environmental
scientists and technology development engineers will be required to
minimize environmental impacts of present and new technologies. The
major potential barriers are: (1) inadequate commmunication between
the environmental scientists and the energy technology developers and
(2) lack of established policy for the timely incorporation of environ-
mental impact data into the development and implementation of energy
systems and associated tchnology."
The ideal manner in which to deal with barrier (1) is by providing: consistent
assumptions and formats and a methodology and mechanism for quick interpretation
of the implications (gaps, priorities, new directions) of any of the developed
data as it becomes available in any of the related fields. Barrier (2) of the
"Ray Report," outside of the possible political solutions, could best be attacked
by distributing widely the data that becomes available, making widely useable
some type of simulation mechanism for easy interpretation of results, and, most
importantly, making the results of carcinogenic health effects assessments in a
format readily useable for the intercomparison of the diverse, competing energy
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technologies. Making this information available would help to ensure that
intelligent decisions would be made about our future energy choice/use patterns,
and it would facilitate the task of raising the level of public understanding
of the alternatives.
There is, fortunately, decades of literature in this area; one biblio-
graphy has over 500 sources (Gruhl, 1976a). Some of the literature most signifi-
cant to the various functional components of a systematic energy/health mechanism
is described in the following chapter.
2. Review of Previous Most Significant Work
Most of the previous work on health effects of alternative energy sources
has been done on electric power generation. The associated health impacts, ex-
cluding mining-related occupational cancers and cancer related to radioactive
emissions, have not included carcinogenic hazard assessments. Thle literature
related to the current discussion is thus fragmented with different sources
only applicable to portions of the overallmethodology.
The general schematic for simulation of the health effects of a single
energy facility is roughly the same for all of the mecaiisms that have now or
are soon to be developed. The following figure is'the functional representa-
tion of a tentative Argonne/ERDA mecahnism that is being developed by the
author and several others at the MIT Energy Laboratory (Gruhl, et al., 1976).
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Figure 2.-l Schematic of simulation mechanism for health effects of a single
energy facility (Gruhl, et al., 1976).
Various studies have concentrated on one or more of the functions in the
block diagram representation in Figure 2.-1. In the description of the lite-
rature that follows,the terminology in that diagram will be used to define the
scopes and the functional modules that are aggregated in the several regres-
sion analyses.
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2.1 Energy-Related Health Assessments
The previous and on-going work that is perhaps most applicable to this
particular field. is the simulation mechanism that has been developed for
Argonne/ERDA by the MIT Energy Laboratory. This mechanism has been comput-
erized, (Gruhl, 1976b), and is constantly being improved with better models
and data. The goal of this research is to develop a mechanism that can be
used to compare the health effects of alternative coal-fired electric power
facilities and their environmental control options. Technologies to be in-
cluded in the scope of that effort are low sulfur coal, various coal cleaning
processes, solvent refined coal, low BTU gasification for power, fluidized bed
combustion, other advanced coal-electric systems, stack gas cleaning, and sup-
plementary control for fuel switching and load shifting according to weather
patterns.
The modeling of the combustion and control processes is being performed
by various subcontractors. The simulation mechanism that models the environ-
mental impacts, given the technical factors from the subcontractors, is the
MIT Energy Laboratory task (Gruhl, et al., 1976). This simulation mechanism
can be operated in sensitivity studies by parameterizing any number of options,
such as: the alternative combinations of generation and control technologies,
regional assumptions on fuels and energy demand characteristics, accounting
procedures, fixed capitalization charges, and various other economic and per-
formance criteria.
The output of this mechanism for each energy plant/control option cho-
sen is in the form of a list of resultant factors:
1. Economic Resultant Factors
1. Total Investment ($)
2. Capital Investment Normalized ($/1000MWe)
3, Operating Cost
A. Fixed Operating Cost ($/MWe/yr)
B. Variable Operating Cost ($/MWhr)
4. Annualized Cost ($/Yr)
5. Total Cost per Unit Output (mills/kwhr)
2. Performance Resultant Factors
1. Capacity (MWe)
2. Production (MWhr/yr)
3. Design Capacity Factor (%)
4. Operating Capacity Factor (%)
5. Availability (%)
6. Energy Efficiency (overall losses and ancillary, %)
7. Expected Lifetime of Unit (yrs)
3. Applicability Resultant Factors
1. Commercialization Date (2000MWe production capacity, yr)
2. Operating Experience (MWe-yr)
3. Licensing and Construction Time (yrs)
4. Maximum Rate of Installation (e/yr)
5. Potential for Advancement of Technology (e.g., mills/kWhr
reduction in output price per year after commercialization)
4. Resource Requirements
1. Renewable Energy (as % of primary energy)
2. Land Use (acres/MWe)
A. On-Site Requirements
B. Waste Disposal and Other
C. Pondage Requirements
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3. Manpower Requirement (non-operating, man-yrs)
4. Water Consumption (gallons/Mthr)
5. Materials Requirements (tons/l1Wyr/material)
6. By-Products (disposal costs or sales, $/MWyr)
5. Environmental Consequences
1. Emission Standards (% of each standard)
2. Emissions (normal and upset)
A. Air Pollutants (tons, BTU/MWyr for specific pollutants)
B. Water Pollutants (tons, BTU/MWyr for specific pollutants)
C. Waste Solids (tons/M9yr for specific wastes)
D. Radioactive Pollutants
E. Noise (decibels/full load)
3. Upset Conditions (hrs/MWyr)
4. Ambient Standards (% of each standard)
5. Occupational Health
A. Mortalities (deaths/yr/MW)
B. Morbidities (illnesses/yr/MW)
C. Man-Days Lost (man-days/yr/MW)
D. Occupational Health Costs ($/yr/MW)
6. Public Health
A. Mortalities (deaths/yr/MW)
B. Morbidities (illnesses/vr/MW)
i. Chronic Respiratory (cases)
ii. Aggravated Heart-Lung Symptoms (person-days/yr/MW)
iii. Asthma Attaches (cases)
iv. Children's Respiratory (cases)
C. Public Health Costs ($/yr/MW)
7. Pollution-Related Damage Costs (total health and other,
$/yr/MW)
A. Biota Costs ($/yr/MW)
B. Material Damage Costs ($/yr/MW)
C. Aesthetic Costs ($/yr/MW)
There is an ordering mechanism being developed that will be useable in sorting
out (by preferences, thresholds, weightings, and so on) the critical differences
between the several alternative technologies being examined.
The starting point in the development of that simulation mechanism for
Argonne/ERDA was the National Academy of Sciences simulator (National Academy
of Sciences, 1975), see Figure 2.1-1.
The options available for study using the NAS assessment mechanism in-
clude:
Fuels:
Coal (3 types: high sulfur, low sulfur western, low sulfur eastern)
Uranium
Generators:
Existing coal-fired 620MW
New coal-fired 612MW
Old coal-fired plant recoverted from oil to coal 620MW
Nuclear 1000MW
Fuel Treatment:
Coal Cleaning (Preparation only)
5.
Emission Treatment:
Scrubber
Intermittent Control and Tall Stacks
Site Locate:
Urban
Remote
The resultant health effects categories are the same as those listed in the
outputs of the Argonne/ERDA mechanism.
Figure 2.1-1 Block diagram representation of NAS methodology (NAS, 1975)
This NAS study was admittedly-quite crude, but it did offer an excel-
lent example of the extent to which an energy/environment assessment could be
carried. The analyses performed with this mechanism included a number of ex-
cellent sensitivity studies with respect to uncertain parameters such as
sulfation rates. Some of the obvious places where advances on the NAS model
were in order included,in particular,the crude one'meterological condition
dispersion model and the extension beyond the SO02-particulate method for de-
termining health effects.
Critical reviews of some of the other health effects assessments of
alternative electric power technologies can be found in (Comar and Sagan, 1976)
and (Institutt for Atomenergie, 1975). The most important comparative studies
of the health effects of different energy technologies include: (Argonne
National Lab, 1973); (Energy Research and Development Ad, 1975); (Carnow, 1974);
(Gruhl, 1976c); (Hamilton, 1974); (Lave and Freeburg, 1973); (Rose, 1975);
(Sagan, 1974); (Starr, Greenfield and Hausknecht, 1972); and (U.S. Atomic
Energy Commission, 1974). Many other articles are listed in (Gruhl, 1976a).
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The only source that really attacks the carcinogenic aspects of coal-
fired electric generation is (Watson, 1970). This is, however, more a listing
of carcinogenic suspects that are believed or known to be in electric power
plant emissions. The methodologies described in this report are in fact intended
to be ways of extending the current state-of-the-art beyond that type of listing
effort by putting real impact quantifications and measures of uncertainty on the
results.
All of the references just listedskip one or several of the functional
modules shown in Figure 2.-1. For example, two blocks in almost all health/
energy assessments that are not dealt with by physically-significant models
are the "Air Pollutant Dispersion and Aerochemistry" and the "Exposure Pat-
terns." Generally this short-cut is taken by using correlations of regional
tons of emissions to regional health/damage estimates. Another assumption
used by all of these studies was the utilization of SO (sometimes with par-
ticulates) as a gross general indicator of approximateXtotal air pollution.
A number of other health/energy studies are underway and these programs
are described in section 2.2 Research in Progress. One effort that is not
completed but which does have substantial interim progress is the SEAS-Strate-
gic Environmental Assessment System (Environmental Protection Agency, 1975).
SEAS currently exists in module form only, the package to be put together by
1979-1980. Briefly it is a model of the interaction of energy and environmen-
tal problems with the entire national economy (modeled using a large input/
output scheme). Thus, SEAS takes into consideration materials and resource
availability, capabilities of supporting industries, and so on. The list of
atmospheric pollutants collected is impressive, still its application to car-
cinogenic hazard assessments is not possible. Hydrocarbons, for example, are
all in one category with no regard to carcinogenic potency.
Ambient concentrations in SEAS are estimated from emission-to-ambient
scaling procedures much like those used in Project Independence (Federal Energy
Administration, 1974). Health effects are included only insofar as they are
reflected in the dollar consequences of the emission-to-damage scaling esti-
mates (the emissions from the 1973 National Emission Data System collection
by industry and pollutant, the damages from 1971 estimates by region).
There are about 40 key sources listed in (Gruhl, 1976a) of emissions
or ambient concentration (but not public health) comparisons of alternative
energy technologies. Perhaps the most important data base of this type is
the one annually updated by the government: "Energy Alternatives: A Comparative
Analysis" (University of Oklahoma, 1975). This data base, among other places,
can be accessed at Brookhaven National Laboratories and can be manipulated
using the MERES system (Council on Environmental Quality, 1975). As com-
prehensive as this information is on the current and advanced energy techno-
logies, except for the occupational health data there is not much of interest
to this current discussion, Emissions are collected in the categories:
particulates, NO, SO , hydrocarbons, CO and aldehydes. Even thesevalues are
displayed without the measures of uncertainty which can be retrieved from
some of the original data bases at IHittman, Battelle, and Teknekron (Battelle
Memorial Institute, 1973), (Hittman Associates Inc., 1974, and 1975).
2.2 - Environmental Assessment Methodologies
The field of systematic assessments of environmental impacts has, par-
ticularly in the past five years, been an area of intense and valuable re-
search. From its beginnings decades ago in resource planning, mostly of water
or land use, the assessment methodologies have been developed and applied to
virtually all of the areas where choices are to be made that have different
environmental impacts. A significant review of this general field was spon-
sored by EPA (Warner and Preston, 1974).
Systematic carcinogenic assessments have been developed largely in two
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areas of the government. The National Cancer Institute has made a number of
contributions to this field, a summary of these efforts from the energy tech-
nology viewpoint can be found in (Schneiderman, 1975). The EPA in its Cancer
Assessment Group has developed an assessment methodology for determining chemi-
cal carcinogen risks (Environmental Protection Agency, 1976). For the chemi-
cal carcinogens the EPA has altered the stance of "lowest practicable level"
regulations used for carcinogenic ionizing radiation releases to a stance of
"balancing risks and benefits as a basis for final regulatory action."
Thus, there was a need for an assessment methodology.
While this EPA carcinogenic assessment methodology can make a number of
important contributions to this particular field it is not wholly applicable
by any means. Assessment mechanisms for regulatory use, in general, have
levels of risk aversion built in at any number of places. One example is the
prudent assumption of the direct linear non-threshold relationship between
biological effects and amount of dose. Another built-in risk aversion is the
use of the dose to the highest exposed individual as-the design criterion. In
the context of this current discussion, in-which a curve of carcinogenic risk
versus probability might be a result, different levels of risk aversion would
be different points on a curve all of whose points are important in a com-
parative assessment context.
Some of the other outstanding examples of environmental methodologies
that are relevant to this reportts topic are in the area of cost/benefit/
risk assessments of nuclear power. Some of the best results from this field
are in (Gillette, 1974), (Hammond, 1974), (Jordan, 1970), (Rudman, 1974),
(Sagan, 1972), (U.S. Nuclear Regulatory Commission, 1975), (Wilson, 1972) and
an excellent critical review of this field in (Starr, Rudman and Whipple,
1976).
2.3 Operations and Emissions Characterization
The first step in modeling the emissions from the combustion or con-
version processes is the careful characterization of the constituents in the
fuel. This report is concentrating on coal as the fuel because of the im-
mediate and increasing role for coal in the national energy plan. The near
term, now to 1985, emphasis as set forth by ERDA, will be on the direct com-
bustion of coal. The mid- and ong-term priority is on coal conversion to
gaseous and liquid fuels.
Perhaps the most important single factor in characterizing coal is
the occupational health consequences per unit heat value. These health ha-
zards, due to the carcinogenic dusts, suspended and soluble organic and in-
organic chemicals, can be found in many data bases, (University of Oklahoma,
1975) or (Council bn Environmental Quality, 1973), for example. s far as
characterization of chemical constituents, coal has a virtual periodic table
of elements (Abernathy and Gibson, 1963) and (Bowen, 1966). There are impor-
tant regional variations that must be taken into account such as factors-of
1000 differences in uranium, arsenic, and beryllium concentrations between
regions. Compilations of coal constituency breakdowns by region are available
(National Aeronautics and Space Administration, 1976), (National Coal Associa-
tion, 1973), and others.
The physical processing of coal involves health problems in the suspen-
ded or soluble inorganic and organic chemicals in treated or untreated waste
water. Modeling of the pathways and data on the effects of these pollutants
is available (Hamilton, 1974) and that and other projects like it are continu-
ing to refine their results.
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The. major emphasis in this report is on the. .a.N9rne dispersion of
carcinogens. As such the important emissions characterizations for use in
this type of mechanism would be the modeling of the atmospheric effluents of
advanced combustion processes. The MIT Energy Laboratory and the MIT
Schools of Engineering have emissions modeling efforts for all of the major
coal-using energy technologies, with just a few of the others involved being:
MHD-NASA, Exxon, Argonne; Fuel cells - NASA, Exxon, Argonne; Advanced gas
turbines - NASA; Fluidized bed combustors - Battelle, Argonne, EPA, Exxon, TVA;
Stack gas scrubbers - Argonne, EPRI, EPA, TVA: NO control - Argonne, EPA;
Gasification - Exxon, ERDA, EPRI, Battelle; Liquefaction - ERDA, Battelle.
Some of these advanced processes involve a great many known or suspect
carcinogenic agents: trace and heavy metals, radionuclides, polycyclic hydro-
carbons, precursors to nitrosamines, and organic sulfur compounds. Liquefac-
tion plants are particularly rich in aromatics with 13 of the 14 most potent
known carcinogens occurring in their process streams (private communication,
J. Liverman, ERDA, August 1975).
The completed and ongoing emission research programs include emission
categories of widely varying specificity. Some are collecting only SO , NOx ,
and particulates while others contain great detail on radionuclides x x
(Martin, Howard and Oakley, 1971) (Eisenbud and Petrow, 1964), and trace and
heavy metals (Argonne National Lab, 1973), (Ragaini and Ondov, 1975), (Berry
and Wallace, 1974), (Kaakinen, Jordan, Lawasoni, and West, 1975) and (Klein
and Russell). Quantitative surveys are generally not available for specific
organic compounds that are emitted from the conversion and combustion proces-
ses.
The timing of the release of the pollutants is an important aspect of
an overall simulation mechanism. This particular area is a feld in which a
great deal of expertise exists, most of i't was originally developed for
use.on power plants and power systems, for characterization of energy faci-
lity operating conditions to determine the frequency and duration of pollu-
tant emissions, (Gruhl, 1974), (Gruhl, 1973a), and (Gruhl, 1973b), including
literature surveys cosponsored by ERDA and EPRI (Schweppe, Ruane, and Gruhl,
1975) and (Gruhl, Schweppe, and Ruane, 1975). The most useful available
techniques for dealing with the simulation of emission timing come from the
analogous area of power production simulation. Work in this field has
progressed quite far and can generally be divided into chronological simu-
lators and time-collapsed simulators. Chronological studies preserve time as
a variable and simulate operation as if in real time. Time-collapsed simu-
lators substitute cther parameters for time, such as percentage of some
time period, and thus can substantially speed computations.
2.4 Pollutant Dispersion and Population Exposure Patterns
It can generally be very difficult, due to site-specific conditions,
to track water pollutants through the ecosystem to determine their ultimate
impact upon humans. Tracing and quantification of pollutant effects through
these aquatic pathways are available (Hamilton, 1974), (Gruhl, 19 73c), and
others. The most likely human exposures to most of the potential carcino-
gens from expanded use of coal will, however, be through atmospheric path-
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ways and until there are other indications, and because of the great complexity
of modeling aquatic pathways, it ould probably be desirable to concentrate on the
atmosphere initially.
For the purpose of simulating atmospheric pollutant dispersion there are
a large number of excellent computerized models. The state-of-the-art knowledge
on the 1-100km multiple point source modeling that can be superimposed on area
background sources covers a great range of sophistication. The gross, regional
regression models are probably too coarse for use in the context proposed in this
report; the puff and microscale models are too detailed. It is likely that a
technique that is consistent with the accuracies and time consumptions of the
other portions of the described methodology would be some type of Gaussian plume
model, probably sector-averaged as is used in (Ruane, et al., 1976).
Although most atmospheric dispersion modeling has been aimed at the
more commonly studied pollutants, extensive literature is available on spe-
cial considerations for trace metals and other pollutants in the so-called
"hazardous" category (Junge, 1969), (Klein, et al., 1975) and (Mills and
Reeves, 1973).
Long-range dispersion modeling (Junge, 1969), (Nord, 1973), (Reiquam,
1970), (Rodhe, Person and Akeson, 1972), (Szepesi, 1964), and (Zeedrick and
Velds, 1973) is another area of modeling necessary in this type of approach.
Information required for the characterization of the likely background
concentrations of the future is very difficult to find. Current background
.levels of the common pollutants are, however, readily available, as are
fairly adequate data on trace metals [(Argonne National Lab, 1973), other-
wise generally collected in separate reports by elements, refer to the lists
in (Gruhl, 1976a)], heavy metals (Schroeder, 1970), (Fowler, 1975), and
organic compounds (Environmental Protection Agency, 1973), (Ketserides,
Hahn, Joenicke, Junge, 1976), (Sawicki, 1967), and (Watson, 1970).
Aerochemistry is another very difficult module of a physically significant
simulator of pollutant effects. It is, however, an equally difficult and important
area in regional regression analyses of pollutant effects. One of the few computerized
aerochemical simulators available is that developed by NAS, see Figure 2.1-2.
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Sulfation is a far from well-known phenomenon, but at least this
starting model is available that can be improved as further information is
developed. Other atmospheric reaction rates and reactions are less well
known: inorganic and organic nitrogen compounds (Butcher and Charlson, 1972),
(Davis, Smith and Kluaber, 1974), (Preussman, 1974), and (Systems Applica-
tions Inc., 1974); organic sulfur and other organic compounds (National
Research Council, 1972), and (Young and Phillips, 1975).
Demographic assumptions are necessary in order to develop population
exposure patterns. Currently available on the MIT model is the same option
as used by NAS (National Academy of Sciences, 1975) for a typical urban or
a typical remote siting location, see Figure 2.1-3.
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Figure 2.1-3 eomnetry of NAS assumptions of remote and urban (NAS, 1975)
Most of the early research on population exposure patterns was concen-
trated on the assessment of one-shot accidents. For example, one study was
performed on the effects of a nuclear reactor accident compared with the im-
pact of a conflagration of the fuel supply for an oil-fired power plant, see
Figure 2.1-4. Nuclear reactor accident a3sessments remain as the most elaborate
pollutant/demographic studies due to the licensing requirement for a very te-
dious complete characterization of the distribution of population around a pro-
posed site. A number of excellent studies of population exposure patterns have
been developed for this purpose: (Frigerio, et al., 1973), (Hart, 1974), (Hon-
stead, 1970), (International Committee on Radiological Protection, 1969),
(Kolde and Kahn, 1970) ad (Sagan, 1971).
There are some additional considerations that must be incorporated
when extending the methodologies of radioactive exposure patterns to the
chemical pollutants;the one-shot studies become series of erratic bursts; and
the indoor-outdoor patterns are more important (Environmental Protection Agen-
cy, 1972). Work in progress that has interim results in this field of chemi-
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conflagration and nuclear releases from power plants.
(Starr, Greenfield and Hausknecht, 1972)
cal pollutant exposure patterns includes: a TVA computer-graphic display of
specific environmental distribution patterns; the EPA methodology guidelines
(Environmental Protection Agency, 1976) for developing cancer risk exposure
patterns; and the ERDA-sponsored program on chemical pollutant population ex-
posure patterns (Gruhl, 1976d) being performed at the MIT Energy Laboratory
with continuation fundspending December 1976.from the air quality and epidemio-
logical groups in the Division of Biomedical and Environmental Research. The
efforts in the continuation of this research would be directed at the develop-
ment of probabilistic dispersion and demographic models to result in a method
for creating concentration-versus-duration-versus-population surfaces. These
surfaces would then characterize the impact of energy facility operation on ex-
posed populations, see Figure 2.1-5.
There are several indications that the surface in Figure 2.1-5 could
be characterized by a single curve (due to the straight-line characteristic of
'log of concentration' versus 'log of duration' for a stationary sensor).
With such a characterization the uncertaintly associated with the exposure
pattern could easily be characterized (using a similar curve for geometric
deviation, for example). This type of exposure pattern information would
splice together perfectly with dose-response information in the appropriate for-
mat (assuming the concentration in Figure 2.1-5 is actually a potency index as
described in the following section).
2.5 Carcinogenic Hazards of Air Pollutants
The principal carcinogenic air pollutants that result directly from
the conversion and combustion of coal include a list of polycyclic and other
aromatic hydrocarbons, trace elements and radionuclides. Given an opportunity
to react in the atmosphere, a whole series of organic nitrogen and sulfur com-
pounds oin the list as indirect carcinogenic emissions. Finally, if the sus-
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Figure 2.1-5 Hypothetical example of a concentration-versus-duration-
versus-population surface (Gruhl, 1976d)
pected promoters are also included then the list of agents to be considered
expands to include almost all of the common pollutants. For example, SO2 is
a suspected potentiator of the carcinogenic effect of polycyclic organics such
as benz(a)pyrene; some metal oxides, such as Fe203 act similarly as accelera-
tors; NO ad ozone are suspected of interfering with complex clearing mecha-
nisms and thus contributing to carcinogenesis; NO and NO , in the presence of
ammonia and acids in coal combustion plumes could contribute to the formations
of nitrosamines of pronounced carcinogenicity (Preussman, 1976). It is thus
obvious that the systematic assessment of carcinogenic hazards cannot concen-
trate on a small set of pollutants but must take an across the board approach.
. -It is important initially (and in future extrapolations) to have the
information on the carcinogenic potency of individual pollutants and synergis-
tic effects of whatever combinations of pollutants are available from existing
data bases (National Cancer Institute, 1974). It is obvious, however, that
for this field to progress new and even uncharacterized mixtures of pollutants
likely to impact future populations would have to be postulated and synthesized
and these new mixtures would have to be tested for carcinogenicity to more
accurately account for synergisms.
In addition to the NCI database (National Cancer Institute, 1974) some
of the many sources of information on atmospheric carcinogens include (Buck and
Brown, 1964), (Carnow and Meier, 1972), (Fenter and Margetter, 1973), (Hettche,
1971), (Hueper, 1966), (Stocks, 1966), (Winklestein and Kantor, 1969), (U.S.
Dept. of HEW, 1962), and (Wynder and Hamond, 1967). These data vary considera-
bly in applicability to the systematic framework concept. Much of this data is
in terms of thresholdsat which effects are noticed, and even when this format
is used very systematically, it is not in the most useable form, see Figure
2.1-6.
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Figure 2.1-6 Dose-response thresholds for sulfur dioxide (U.S. Dept. of HEW,
Publication No. 1619, 1967)
A more useful format, from the assessment viewpoint, is a dose-response
relationship for predicting magnitudes of effects: linear non-threshold (Bruces,
1958), linear with threshold (National Academy of Sciences, 1975), log-profit,
and half-power (Starr, Greenfield, Hausknecht, 1972) models have all been used.
Some studies have bounded above and below with different types of models (Starr,
Greenfield, Hausknecht, 1972).
The ideal format for operating on population exposure patterns has a
different dose-response pattern for each health effect to be modeled (such as
mortality, mutation, stomach cancer, total cancer, or whatever). Associated
with each effect there is a functional combination of the potentiating, anta-
gonizing, or additive pollutants and this functional combination acts as an index
{of the potency of the particular combination. Ideally, then, curves of pro-
babilities of an effect at the different potency-duration pairings would-be
plotted, see Figure 2.1-7. A display similar to Figure 2.1-7 showing instead the
Isopleths of geometric standard deviation associated with each pairing would
add the very useable probabilistic information.
There are, of course, problems with this postulated 'ideal' format,
for example in the treatment of abnormally susceptible populations. Hopefully,
socio-economic indexes or density implications might be worked directly into
the potency functions to the extent that they affected health responses. In
any event, Figure 2.17 can offer a useful initial format for assessment pur-
poses; the available health effects data can generally be easily fitted into
its appropriate position on this format. The regression analyses are the
primary exception.
The problem with regression analyses is that they never claim to es-
tablish causal dose-response relations, just statistical association. The
variables of a regression analysis are certain only to be indexes of the true
(perhaps unknown) causative agents. The results of regressions can be useful
in the absence of knowledge of causative agents or, possibly, in independent
evaluation of results.
The most widely publicized regression analyses of health effects of
air pollution have been reported in (Lave and Seskin, 1974) and (Hickey, 1971).
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Figure 2.1-7 Dose-response information in a format ideal for assessment use.
(Gruhl, 1976d)
Common pollutants, trace metals, and organics have been employed as indexes to
carcinogenic hazards (Hickey, et al., 1970), (National Research Council, 1972),
(Schneiderman, 1975).
3. Research in Progress
Many of the programs described in sections 2.1-5are continuing. There are,
in addition, several new projects that can be expected in the future to provide
significantly valuable inputs to this physically significant simulation field.
Government sponsoring of much of the current health/energy research was
initially outlined in Dr. Dixy Lee Ray's report to the President (Ray, 1973).
Delineation and coordination of governmental health/energy responsibilities
have largely evolved from the King-Muir interagency working group report on
research needs in health and environmental effects of energy.
At ERDA the programs of principal importance to this type of. research
include: (1) "Assessing the integrated health, environmental, and socioeco-
nomic impacts of alternative coal extraction, processing, and combustion tech-
nologies," a program charged with data organization and coordination necessary
for intelligent decision making,and the analysis of all the information in a
cost-benefit framework;7"and (2) "Determine the biomedical effects f pollu-
tion resulting from coal extraction, processing, and combustion" including a
continuing evaluation, interpretation,. exhaustive review, and summary of
available information.
EPA is increasingly being charged with short-term problems, however, there
is a considerable amount of information being developed that can be of initial
use in an overall assessment. The EPA has begun the funding (2/76) of an
Integrated Technology Assessment program at Teknekron, Inc. (Teknekron Inc,,
1976). This involves the development, by about 1980, of a simulation mechanism
that will model the social, environmental, and economic problems of electric
utility systems. Included in their current plans are modules to simulate dis-
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persion and exposure patterns. A similar ERDA program, NationalCoal Assess-
ment, is being carried out by Argonne National Laboratories as part of its
Regional Studies Program.
Current ERDA programs in population exposure pattern studies include re-
search on the methodology for describing the populations surrounding energy
facilities in terms of demographic, socioeconomic, and health indexes. The
HNL work is concerned with areas of Tennessee; Argonne has chosen eleven dif-
ferent locations. Los Alamos Scientific Laboratories are presently conducting
tissue analyses of the general population in specific locations to determine
trace metal accumulations attributable to nearby fossil-fueled facilities.
These studies will attempt to create exposure patterns without dispersion
modeling.
Mutagenic and carcinogenic activity of fossil-fuel combustion components
are currently being studied at six ERDA laboratories (HNL, Argonne, UCLA,
Pacific Northwest, Lawrence Livermore, and Franklin McLean). Accidental ex-
posures around pilot facilities are to receive top priority in the collection
of data on health effects. As far as the planned research is concerned, the
array of chemical agents is so complex and the expertise so rare that only
the potentially hazardous materials of highest "priority" are being investi-
gated. As far as breakdowns in methods of approach for determining the effects
of fossil-fuel pollutants they are roughly: pollutant-nucleic acid interaction
(Brookhaven, Lawrence, Losg Alamos); differentiation between inducing and pro-
moting activities (Argonne, Holifield, Lawrence); rapid screening of coal con-
version process streams and products (Holifield); determination of likely doses
to man (Argonne, Pacific Northwest, Brookhaven, Inhalation Toxicology Research
Institute, University of Tennessee, and University of California-Davis); and
pollutant interactions and dose-response determinations (Pacific Northwest,
ITRI, Holifield, and University of Rochester).
4. Suggestions
To the extent possible, pollutantsshould be accounted in separate
categories. The sheer number of different compounds infor example,the aroma-
tic hydrocarbon group would, however, necessitate some aggregate categories.
Such aggregations should be made with due regard to potencies, synergistic
and aerochemical interactive tendencies, similar specific targets (among possi-
bilities such as lung, pancreas, colon, breast, prostate, uterus, esophagus,
or stomach), similar systemic targets (such as respiratory, gastrointestinal,
genital, and so on), or similar physiological mechanisms (such as having simi-
lar actions when combined with important enzymes, or according to classes of
DNA damage patterns and thus affected by the same types of chemical, dietary,
radiation, or natural repair mechanisms).
Care in choice of categories would facilitate the handling of newly
recognized pollutants, or newly recognized synergisms, but there would
certainly still arise some problems. The complexity of the entire dose-response
situation,particularly in the very low dose range, might originally be handled
in a man-chem, linear, non-threshold, dose-response relationship, using a unit
of measure equivalent to the known man-rem effects. Simple additive assumptions
could initially be used in the absence of information on synergisms. Also
as an initial simplifying tactic, 5%, 50%, and 95% points could be used in
place of the entire probability distribution curve.
An approach that results in the quantification of the magnitudes of car-
cinogenic effects is recommended rather than just an agent identification and
listing procedure. It is becoming increasingly clear that the choice among
future energy technologies will be a choice among different degrees and
balances of economic and health insults. In that type of comparative analysis,
16
magnitudes are of paramount importance. Early estimates on these magnitudes
can also be used to prioritize the future research efforts among the
infinite number of alternative tasks.
A physically significant simulation approach is suggested rather than
use of regression studies. Regression of previous effects to previous e-
missions carries a number of assumptions that are difficult to reconcile with
the decreasing quality of sites, increasing densities of populations, and
widely varying siting alternatives (river versus offshore, for example). Also,
extrapolations to situations far different from existing conditions is diffi-
cult, especially for very different energy and emissions mixes, new background
pollutant levels, and 'new' pollutants. A physically significant approach can
be initially attacked and continually improved on all fronts; fuel'characteri-
zation, combustion modeling, dispersion, aerochemistry, exposure patterns, and
dose-response relations.
Finally, a probabilistic frameworkis suggestedrather than a deterministic
formulation. The key assumptions, models, and data all contain different de-
grees of uncertainty. It is important to follow these uncertainties forward
through the simulation to determine the quality of the analytic results ,so
that intelligent comparative decisions on risks can be made. It is also im-
portant to be able to follow the critical, but poor quality, results backward
through the simulation to identify and prioritize research to reduce the res-
ponsible uncertainties.
5. Summary
Cancer has a particularly severe physical, economic, and mental impact on
affected individuals and their families. It is becoming increasingly apparent,
however, that large amounts of carcinogens may be emitted from those current and
future coal-using energy technologies upon which our nation is heavily relying.
The question is whether or not our energy system will be contrary to the
general expectation of individuals and society with regard to human health and
life.
The current ratio of rehabilitation funds to research funds in this
cancer/energy field is not known, but it is likely to be very large, Certainly
that ratio will increase, not primarily due to lack of funding, but due to
lack of qualified research manpower. This is a limitation that ought to
receive at least as much attention as the two "Ray Report" barriers discussed
earlier.
Cancer risks cannot be eliminated completely, but there are strong in-
dications that we could be making better choices and that we could be directing
searches toward more desirable energy/cancer balances. This current discussion
has revolved around the possibility for developing a methodology that might aid
in deciding those choices and directions with more assurance than is otherwise
possible.
6. References
Abernathy, R.F. and FH. Gibson, 1963. "Rare Elements in Coal," U.S. Bureau
of Mines I.C. 8163, U.S. Dept. of Interior.
Argonne National Lab, 1973. "A Study of Social Costs for Alternative Means of
Electrical Power Generation for 1980 and 1990," ANL-8092, ANL-8093 Vol. 1-4,
February/March.
Battelle Memorial Institute, 1973. "Environmental Considerations in Future
Energy Growth," Columbus and Pacific Northwest Laboratories, prepared for EPA,
Columbus, Ohio.
17
Berry, W.L., and A. Wallace, 1974. "Trace Elements in the Environment-Their
Role and Proximity as Related to Fossil Fuels A Preliminary Study," NTIS,
Washington, D.C. 66 pp.
Bowen, H.J.M., 1966. Trace Metals in Biochemistry, Academic Press, New York,
N.Y.
Bruces, A.M., 1958. "Critique of the Linear Theory of Carcinogenesis," Science,
128, p. 693.
Buck, S.F. and D.A. Brown, 1964. "Mortality from Lung Cancer and Bronchitis in
Relation to Smoke and Sulfur Dioxide Concentration, Population Density, and
Social Index," Tobacco Res. Council, Res. Paper #7, London.
Butcher, S.S. and R.J. Charlson, 1972. An Introduction to Atmospheric Chemis-
try, Academic Press, New York, N.Y.
Carnow, B.W., 1974. "Predictive Models for Estimating the Health Impact of
Future Energy Spurces," in Proceedings, International Symposium on Recent
Advances in the Assessment of the Health Effects of Environmental Pollution,"
Paris, France.
Carnow, B. and P. Meier, 1972. "Air Pollution and Pulmonary Cancer," Archives
Env. Health, 27, pp. 207-218.
Comar, C.L. and L.A. Sagan, 1976, "Health Effects of Energy Production and
Conversion," in Annual Review of Energy 1976, J.M. Holland and M.K. Simmons
Eds), pp. 581-600.
Council on Environmental Quality, 1975. "MERES and the Evaluation of Energy
Alternatives," USGPO, Washington, D.C., #0-573-529, 15 pp., May.
Council on Environmental Quality, 1973. "Energy and the Environment: Electric
Power," USGPO, Washington, D.C., 63 pp., August.
Davis, D.D., G. Smith, and G. Kluaber, 1974. "Trace Gas Analysis of Power
Plant Plumes via Aircraft Measurement: 03, NO and SO Chemistry," Science,
186, pp. 733-736. x 2
Energy Research and Development Administration, 1975. "Environmental Impact
of Electric Power Generation: Nuclear and Fossil," prepared by Pennsylvania
Dept. of Education, Harrisburg, PA. ERDA-69, 240 pp., and ERDA-70, 27 pp.
Environmental Protection Agency, 1976. "Interim Procedures and Guidelines:
Health Risk and Economic Impact Assessments of Suspected Carcinogens," 41
F.R. 21402 (May 25), 40 F.R. 33029, and Docket No. RM-50-2, April 30.
Environmental Protection Agency, 1975. "Strategic Environmental Assessment
System, SEAS," Parts I-IV, 170 pp., December 16.
Environmental Protection Agency, 1973. "Nitrogenous Compounds in the Environ-
ment," Office of Research and Development, Science Advisory Board, EPA-SAB-
73-001, Washington, D.C.
Environmental Protection Agency, 1972. "Indoor-Outdoor Air Pollution Relation-
ships: A Literature Review," EPA #AP-112, USGPO, Washington, D.C.
Federal Energy Administration, 1974. "Project Independence - Project Indepen-
dence Report," Blueprint, Summary and Task Force Reports, FEA, USGPO, Washing-
ton, D.C., November,
18
Fenter, J.D. and R.Z. Maigetter, 1973. "Interactions of Various Air Pollu-
tants on Causation of Pulmonary Disease," IIT Research Inst., Chicago, EPA #
EPA-650/1-73-002, USGPO, Washington, D.C.
Fowler, B.A., 1975. "Heavy Metals in the Environment II: Overview," Environ
mental Health Perspectives 10, pp. 259-260, April.
Frigerio, N.A., et al., 1973. "The Argonne Radiological Impact Program (ARIP),"
Argonne National Lab, ANL/ES-26, Argonne, Ill.
Gillette, R., 1974. "Nuclear Safety: Calculating the Odds of Disaster," Science,
185, pp. 838-839, September 6.
Gruhl, J., 1976a. "Health/Environmental Consequences of Energy Conversion
Alternatives - a Bibliography," MIT Energy Lab Report #MIT-EL 76-020WP,
Cambridge, Mass., 36 pp., August.
Gruhl, J., 1976b. "Alternative Electric Generation Economic/Environmental
Simulator - AEGES," prepared for Argonne National Lab, MIT Energy Lab,
Cambridge, Mass., September.
GC-ruhl, J., 1976c. "Health Implications of Oil-to-Coal Conversion in New Eng-
land Power Plants," MIT Energy Lab Report MIT-EL 76-013WP, 21 pp., April.
Gruhl, J., 1976d. "Scientific Background on Probabilistic Air Pollution Dosage
Modeling," MIT Energy Lab Report #MIT-EL 76-0141P, Cambridge, Mass., 40 pp.,
May.
Gruhl, J., 1974. "Generator Maintenance and Production Scheduling to Optimize
Economic-Environmental Performance," MIT Energy Lab Publication #MIT-EL 74-
002P, Cambridge, Mass., 9 pp., January.
Gruhl, J., 1973a. "Minimizing Cost and Environmental Impact of Electric Power
System Operation," PhD Thesis, Dept. of Electrical Engineering MIT, Cambridge,
Mass., 566 pp., May.
Gruhl, J. 1973b. "Production Cost: Economic-Environmental System Planning,"
MIT Energy Lab Publication #MIT-EL 73-012P, Cambridge, Mass., 7 pp., September.
Gruhl, J. 9 7 3c."Quantification of Aquatic Environmental Impact of Electric
Power Generation," MIT Energy Lab, NTIS No. PB-224 642, Springfield, Va. 22151,
175 pp., April.
Gruhl, J., F.C. Schweppe, and M.F. Ruane, 1975. "Unit Commitment Scheduling of
Electric Power Systems," in Systems Engineering for Power: Status and Prospects,
L.H. Fink and K. Carlson (Eds), ERDA & EPRI #Conf-750867, USGPO, Washington,
D.C. pp. 116-129, August.
Gruhl, J., et al., 1976. "Systematic Methodology for the Comparison of Environ-
metal Control Technologies for Coal-Fired Electric Generation," Draft Re-
port to Argonne National Lab, Argonne, Ill, September.
Hamilton, L.D., (Ed.), 1974. "The Health and Environmental Effects of Elec-
tricity Generation - A Preliminary Report," Brookhaven National Lab., Upton,
N.Y.
Hammond, R.P., 1974. "Nuclear Power Risks," American Scientist, 62:2, p. 158,
March/April.
19
Hart, J., (Ed.), 1974. "Symposium on Population Exposures," Potential Adverse
Environmental Effects of the Nuclear Power Industry: Environmental Problems
Associated with the Alternative Fossil Fuel Production of Electricity: Special
Report of the Eighth Midyear Symposium, Health Physics Society, NTIS Report
Conf-741018, Tenn., 449 pp., October.
Hettche, H.O., 1971. "Luftverunreinigung und Lungenkrebs," in Naturwissen-
schaften 58:8, pp. 409-413.
Hickey, R.J., 1971. "Air Pollution," in Environment, Resources, Pollution and
Society, W.W. Murdock (Ed), Sinauer Associates Publishers, Stamford, Conn.,
Chapter 9.
Hickey, R.J., D.E; Boyce, E.B. Harner, and R.C. Clelland, 1970. "Ecological
Statistical Studies Concerning Environmental Pollution and Chronic Disease,"
IEEE Trans. on Geosci. Electronics, GE-8:4, pp. 186-202.
Hittman Associates Inc., 1975. "Environmental Impacts, Efficiency, and Cost
of Energy Supply and End Use," Vol. II, NTIS #PB-230 159, Springfield, Va.
Hittman Associates Inc., 1974. "Environmental Impacts, Efficiency, and Cost
of Energy Supply and End Use," HIT-593, NTIS #PB238 784, Springfield, Va.
Honstead, ., 1970. "Quantitative Evaluation of Environmental Factors Affec-
ting Population Exposure near Hanford," Battelle Northwest Report BNWL-SA-
3203, October.
Hueper, W.C., 1966, "Occupational and Environmental Cancers of the Respiratory
System," Springer-Verlag, New York.
Institutt for Atomenergie, 1975. "Air Pollution Health Effects of Electric
Power Generation - a Literature Survey," NTIS #NP 20649, Institutt for Atom-
energie, Kjeller, Norway, 180 pp., November.
International Committee on Radiological Protection, 1969. "Radiosensitivity
and Spatial Distribution of Dose," ICRP Publication 14, Pergamon Press, Oxford.
Jordan, W.H., 1970. "Nuclear Energy: Benefits vs. Risks," Physics Today, p.
32, May.
Junge, C.E., 1969. "Circulation of Trace Constituents in the Atmosphere and
Aspects of Global Air Pollution," International Symposium Chem. and Toxical
Aspects of Environmental Quality, Muenchen, July.
Kaakinen, J.W., R.M. Jordan, M.W. Lawasani, and R.E. West, 1975. "Trace Ele-
ment Behavior in a Coal-Fired Power Plant," presented to Division of Environ-
mental Chemistry, American Chemical Society, Philadelphia.
Ketseridis, G., J. Hahn, R. Jaenicke, and C. Junge, 1976. "The Organic
Constituents of Atmospheric Particulate Matter," Atmospheric Environment,
10, pp. 603-610.
Klein, D.H. , and P. Russell, 1973. "Heavy Metals: Fallout around-a Power
Plant," Environmental Science and Technology," 7:4, p 357.
Klein, D.H., et al., 1975. "Pathways of Thirty-Seven Trace Elements," En-
vironmental Science and Technology, 9:10, p. 973.
20
Kolde, H.E. and B. Kahn, 1970. "Radiological Surveillance Studies at a Boiling
Water Reactor Nuclear Power Station - Estimated Dose Studies," Health Physics
Symposium on Aspects'of Nuclear Facility Siting, Idaho Falls, Idaho, November
306.
Lave, L.B. and E.P. Seskin, 1974. Air Pollution and Human Health, John Hop-
kinds University Press, 1974.
Martin, J.E., E.D. Howard, D.T. Oakley, 1971. "Radiation Doses from Fossil-
Fuel and Nuclear Power Plants," Chapter 9 in Power Generation and Environmen-
tal Change, Am. Assoc. for Adv. of Science, MIT Press., p. 107.
Mills, M.T. and M. Reeves, 1973. "Multi-Source Atmospheric Transport Model
for Deposition of Trace Contaminants," Oak Ridge National Lab, ORNL-NSF-
EATC-2, Oak Ridge, Tenn.
National Academy of Sciences, 1975. "Air Quality and Stationary Source Emission
Control," with NAE and Nt. Res. Council, for U.S. Senate, Ser. No. 94-4.
National Aeronautics and Space Administration, 1976. "Comparative Evaluation
of Phase I Results from the Energy Conversion Alternatives Study (EACS)," for
ERDA and NSF, NASA TM X-71855, Lewis Research Center, Cleveland, Ohio, 374 pp.,
Feb.
National Cancer Institute, 1974. International Cancer Research Data Bank
System Descirption," prepared by Informatics, Inc., NTIS PB-237 996, Spring-
field, Va., 162 pp., June 28.
National Coal Association, 1973. Keystone Coal Manual, 1973, National Coal
Association, Washington, D.C.
National Research Council. 1972. "Particulate Polycyclic Organic Matter,"
Comm. on Biologic Effects of Atmospheric Pollutants, Div. of Medical Sciences
of the National Research Council, for the National Academy of Sciences,
Washington, D.C.
Nord, F.J., 1973. "Meso-Scale and Large-Scale Transport of Air Pollution,"
Proceedings 3rd International Clean Air Congress, Duesseldorf, Germany.
Office of Technology Assessment, 1975. "An Analysis of the ERDA Plan and
Program," for U.S. Congress, USGPO #052-010-00457-3, Washingtonj D.C. October.
Preussman, R., 1974. "Formation of Carcinogens from Precursors Occurring in
the Environment: New Aspects of Nitrosamine-Induced Tomorgenesis," in
Special Topics in Carcinogenesis, E. Grundmann (Ed.), Springer-Verlag, New
York, N.Y. pp. 9-15.
Ragaini, R.C. and J.M. Ondov, 1975. "Trace Contaminents from Coal-Fired Power
Plants," California University, Lawrence Livermore Lab, UCRL-76794, 18 pp.,
September 22.
Ray, D.L., 1973. "The Nation's Energy Future," Wash-1281, US AEC, USGPO, Wash-
inton, D.C. December 10.
Reiquam, H., 1970. "Sulfur: Simulated Long Range Transport in the Atmosphere,"
Science, 170, pp. 318-320.
Rodhe, H., C. Person and . Akesson, 1972. "An Investigation into Regional
Transport of Soot and Sulfate Aerosols,"Atmospheric Environment, 6, pp. 675-
693.
21
Rose, D.J., 1975, "Nuclear Power Vis-a-Vis its Alternatives, Chiefly Coal,"
Department of Nuclear Engineering, MIT, Cambridge, Mass., presented to US
Congress, OTA, 27 pp., July 9.
Ruane, M.F., et al., 1976. "Supplementary Control Systems - A Demonstration,"
IEEE Transactions on Power Apparatus and Systems, PAS-95:l, pp. 309-317, Jan/
Feb.
Rudman, R.L., 1974. "Cost-Benefit Considerations of Nuclear Power," Nuclear
Technology 24:3, pp. 309-314., December.
Sagan, L.A., 1971. "Human Radiation Exposures from Nuclear Power Reactors,"
jArchives Environmental Health, 22, p. 487.
Sagan, L.A., 1972. "Human Costs of Nuclear Power," Science, 177, pp. 487-493,
August.
Sagan, L.A., 1974. "Health Costs Associated with the Mining, Transport, and
Combustion of Coal in the Steam-Electric Industry," Nature, 250, pp. 107-111.
Sawicki, E., 1967. "Airborne Carcinogens and Allied Compounds," Arch. Env.
Heath, 14, pp. 46-53.
Schneiderman, M., 1975. "Carcinogenesis as an End Point in Health Impact As-
sessment," NCI, Third Life Sciences Symposium, Los Alamos, N.M., October 15-17.
Schroeder, H.A., 1970. "A Sensible Look at Air Pollution by Metals," Arch.
Env. Health, 21, p. 798, December.
Schweppe, F.C., M.F. Ruane, and J. Gruhl, 1975. "Economic-Environmental Opera-
tion of Electric Power Systems," in Systems Engineering for Power: Status and
Prospects, L.H. Fink and K. Carlson (Eds.), ERDA & EPRI Conf-750867, USGPO,
Washginton, D.C. pp. 87-104, August.
Starr, C., M.A. Greenfield, and D.H. Hausknecht, 1972. "A Comparison of
Public Health Risks: Nuclear vs. Oil-Fired Power Plants," Nuclear News,
October, r in ERDA-69, pp. 142-149.
Starr, C., R. Rudman, and C. Whipple, 1976. "Philosophical Basis for Risk
Analysis," in Annual Review of Energy 1976, J.M. Hollander and M.K. Simmons
(Eds.), pp. 629-643.
Stocks, P., 1966. "Recent Epidemiological Studies of Lung Cancer Mortality,
Cigarette Smoking and Air Pollution with Discussion of a New Hypothesis of
Causation," Brit. J. Cancer, 20, pp. 595-623.
Systems Applications Inc., 1974. "MathematicalSimulation of Atmospheric
Photochemical Reactions: Model Development, Validation and Application,"
EPA #EPA650/4-74-011, NTIS #PB-233 049, Springfield, Va. 22151.
Szepesi, D.J., 1964. "A Model for the Long-Term Distribution of Pollutants
around a Single Source," Idojaras (Budapest), 68, pp. 257-269, Sept/Oct.
Teknekron, Inc., 1976. "An Integration and Technology Assessment (ITA) of
Electric Utility Energy Systems," Energy and Environmental Engineering Division,
Teknekron, Inc., Berkeley, Ca., 11 pp., February 27.
22
University of Oklahoma, 1975. "Energy Alternatives: A Comparative Analysis,"
for CEQ, ERDA, et al., USGPO, Washington, D.C. May.
US Department of HEW, 1962. "Symposium of the Analysis of Carcinogenic Air
Pollutants," USGPO, Washington, D.C.
US Nuclear Regulatory Commission, 1975. "Reactor Safety - An Assessment of
Accident Risks in U.S. Commercial Nuclear Power Plants," NURFG-75/014, Wash-
1400, Washington, D.C. October.
Warner, M. and H. Preston, 1974. "Review of Environmental Impact Assessment
Methodologies," Battelle Columbus Labs, EPA #EPA-600/5-74-002, USGPO, Washing-
ton, D.C.
Watson, D.E., 1970. "The Risk of Carcinogenesis from Long-Term Low Dose Expo-
sure to Pollution Emitted by Fossil Fuel Power Plants," Univ. of California,
Lawrence Livermore Lab Report, UCRL-50937, TID-4500, UC-48, October.
Wilson, R. 1972. "Man-REM, Economics and Risk in the Nuclear Power Industry,"
Nuclear News, 15:2, pp. 28-30.
Winklestein, W. and S. Kantor, 1969. "Stomach Cancer. PosAiVe Association
with Suspended Particulate Air Pollution," Arch. Env. Health, 18, pp. 544-547.
Wynder, E.L. and EC. Hamond, 1967. "A Study of Air Pollution Carcinogenesis."
Cancer, 15, pp. 79-92.
Yeung, C.K.K. and C.R. Phillips, 1975. "Hydrocarbon Consumption and Synergis-
tic Effects in Photooxidation of Olefins," Environmental Science and Technology,
9:8, p. 732, August.
Zeedijk, H and C.A. Velds, 1973. "The Transport of Sulfur Dioxide over a
Long Distance," Atmospheric Environment, 7, p. 849.
23
